Purpose The purpose of the study was to establish the mechanism by which the estrogen concentration difference between the follicular fluid and the serum is maintained. Methods We used dialysis membrane with a pore size of <3 KD to characterize the estrogen-binding capacity of the follicular fluid. We performed PCR, western blot, and ELISA on luteinized granulosa cells to determine if sex hormonebinding globulin (SHBG) is produced by granulosa cells, and finally we used affinity columns and mass spectrometry to identify the estrogen-binding protein in the follicular fluid. Results We found that a significant estrogen concentration difference is maintained in a cell-free system and is lost with proteolysis of the follicular fluid proteins. Luteinized granulosa cells are likely not a source of SHBG, as we were not able to detect expression of SHBG in these cells. Perlecan was the most highly enriched follicular fluid protein in the affinity columns. Conclusions We were able to identify perlecan as the most likely candidate for the major estrogen-binding protein in the follicular fluid.
Introduction
Sex steroids, as all other steroids, are lipophilic derivatives of cholesterol and as such can readily cross cell membranes to bind to their intracellular receptor. While circulating in the blood, a majority of the principal sex steroids estradiol and testosterone is bound to a protein carrier known as sex hormone-binding globulin (SHBG). Another 30 % is loosely bound to albumin, leaving only about 1 % unbound and bioavailable [1] . A very small percentage also binds to the corticosteroid-binding globulin [2] . Estradiol is the most potent estrogen. It is produced predominantly by the aromatization of testosterone by granulosa cells (GC) of the ovarian follicle. In the follicular phase of the cycle, the increased rate of secretion of FSH induces expression of the aromatase enzyme in GC. As a result, estrogen production in the follicle increases rapidly. The rising concentration of serum FSH leads also to an accelerated growth of the follicle largely due to the rapid secretion and accumulation of follicular fluid (FF). The FF is also formed by GC. It is a complex biologic mixture of lipids and proteins similar in composition to the serum. The accumulation of the FF is attributed to the secretion of the high molecular weight glycosaminoglycans and proteoglycans that generate a high osmotic pressure drawing fluid into the antrum [3] . The FF provides a carefully controlled microenvironment designed to support the final stages of oocyte maturation. It also serves as a reservoir for sex steroids produced by the follicle estrogen, progesterone, and androgens.
Control over serum concentration of estrogen is of immense importance. Transient uncontrolled increase in estradiol serum concentration may interfere with phasic secretion of Capsule We were able to identify perlecan as the most likely candidate for the major estrogen-binding protein in the follicular fluid.
FSH and consequently may prevent proper development of a dominant pre-ovulatory follicle leading to anovulation and dysfunctional uterine bleeding. Furthermore, chronically elevated unopposed estrogen may result in endometrial hyperplasia, dysplasia, and carcinogenesis [1] . Thus, finding out how the source (e.g., follicle) maintains control over estrogen release is a key to understanding the intricate network of steroid hormone physiology. The concentration difference of estradiol between the pre-ovulatory follicle and the serum can be in the order of thousands [4] . However, the rate of release of steroids from the follicle is very slow. Younglai et al. established that the hourly transfer of estrogen from the follicle to the circulation is only 3-9 % [5] . Interestingly, despite the significant concentration difference of estradiol and slow rate of release, the concentration of the known estrogenbinding proteins SHBG and albumin is similar to or even lower in the FF in comparison to the serum [4] . Therefore, it is unclear how such a high concentration of estradiol is maintained in the FF. The aim of this study was to identify the mechanism that prevents leakage of estradiol from the ovarian follicle.
Methods

Patients
Participants included in the study were patients undergoing in vitro fertilization (IVF) at the Toronto Center for Advanced Reproductive Technology (Toronto, Canada). The project was approved by the institutional Research Ethics Board of Mount Sinai Hospital in Toronto, and participants provided informed consent. Patients were treated with either a long protocol or a short microdose flare protocol, including a gonadotropinreleasing hormone agonist (Superfact, Sanofi-Aventis Canada Inc.) and ovarian stimulation with either human menopausal gonadotropin (Menopur, Ferring Pharmaceuticals, Canada) or recombinant follicle-stimulating hormone (Gonal-F® Serono, Oakville, Ontario, Canada, or Puregon®, Merck, Scarborough, Ontario, Canada). Follicular growth was monitored by pelvic ultrasound and serum estradiol determination, and final maturation was induced by human chorionic gonadotropin (human chorionic gonadotropin, Pregnyl®, Merck, Scarborough, Ontario, Canada) given 36 h before follicular aspiration. FF and oocyte aspiration was transvaginal ultrasound guided, under conscious sedation.
Sample collection
Follicular fluid was obtained from follicle aspirates after the removal of the egg from 13 women (average age 34.9, range 29-43) undergoing oocyte retrieval as part of an in vitro fertilization treatment. Follicular fluid from a single follicle was aspirated into a tube devoid of culture media. Only clear follicular fluid (without blood) was used for further analysis. After removal of the egg by the IVF laboratory, the fluid was centrifuged at 700g for 10 min to remove cells and cellular debris and frozen shortly after at −80 0 C until the time of analysis. Granulosa cells (GCs) were collected from pooled FF, as described previously with minor modifications [6] . Briefly, the pooled follicular aspirate was centrifuged at 800g for 10 min, and the resulting cell slurry was diluted twofold with Hanks' balanced salt solution (HBSS) and then gently layered on top of 3 ml of a Ficoll-paque Plus 50 % (GE Health Care Life Sciences) gradient cushion, and then centrifuged at 700g for 20 min. GCs were collected from the cell layer at the interface, resuspended in 10 ml HBSS, and centrifuged. The resulting cell pellets were resuspended in 0.5 ml of culture media and cell number and viability were assessed in a hemocytometer by a Trypan blue exclusion test. The cells (∼50,000 cells per well) were plated in a 24-well with Complete Media 199 (Life Technologies), supplemented with 10 % FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 % fetal calf serum, and 0.25 μg/ml amphotericin B, incubated in 37°C, 5.5 % CO 2 . Hormones used were recombinant FSH (Puregon®, Merck, Canada) in a concentration of 1, 5, and 10 IU per well, insulin (Humulin R®, Eli Lilly, Indianapolis USA) 0.5, 1, 5, and 10 units per well, hCG (Pregnyl®, Merck, Canada) 0.5, 1, 5, and 10 units per well, triiodothyronine (T3) (Sigma-Aldrich) 10 and 20 nmol per well, hydrocortisone (Sigma-Aldrich) 250 and 500 nmol per well, and 17β-estradiol (Sigma-Aldrich) 250 and 500 nmol per well [7] . Following incubation for 48 h, the cells were harvested for either RNA or protein extraction and medium was used to measure SHBG by ELISA (MX52001, IBL Hamburg, Germany).
Reverse transcriptase-PCR for SHBG gene
Unless specified, all reagents were purchased from Qiagen (Toronto, Canada) and were used according to the manufacturer instructions. RNA was extracted from granulosa cells using the RNAeasy mini kit. Commercial human liver and testis RNA (Zyagen, San Diego, CA) and pooled RNA samples from three individuals were used for reverse transcriptase (RT) reaction using the QuantiTect Reverse Transcription Kit. PCR amplification was carried with the Taq PCR Master Mix Kit using the following primers: SHBG exon 1-forward 5′-TGCTGCTGTTGCTACTACTG; exon 6-reverse 5′-CAAGATGGGTTCTCTGGTGTC; exon 3-forward 5′-AGGATGACTGGTTTATGCTG; exon 6-forward 5′-GACACCAGAGAACCCATCTTG; and exon 8-reverse 5′-ATCTCATGGCTTCTGTTCAGG. PCR reaction products were separated by electrophoresis on a 1 % agarose gel and visualized with SYBR safe DNA gel stain (Life Technologies).
Real-time PCR for SHBG
Quantitative PCR (qPCR) was performed as described before (Perumalsamy et al., 2010), utilizing the QuantiTect SYBR® Green PCR kit (Qiagen) on the LiteCycler (Roche, Mississauga, ON, Canada). The reaction conditions were as follows: 95°C for 10 min and then 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Comparisons of expression levels were determined by delta CT method normalized to β-actin.
Western blot for SHBG
Granulosa cells and ovarian protein lysates were prepared in 1 % SDS-radioimmunoprecipitation assay (RIPA) buffer containing a complete protease inhibitor cocktail (Roche). Protein concentration was determined using the bicinchoninic acid (BCA) protein assay and protein samples resolved through 12 % acrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes. After blocking, the blots were probed with rabbit antiCoQ6 or anti-PDSS2 (1:400 and 1:600, respectively; Proteintech Group Inc). Follicular fluid aspirates obtained from patients undergoing oocyte retrieval were centrifuged and treated with RBC lysis buffer (0.16 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA) to remove any red blood cells, and cell pellet was washed with PBS. GC pellet and OVCAR3 cells were prepared with 1 % SDS-RIPA buffer containing protease inhibitor cocktail (Roche Diagnostics), and protein concentrations were determined using the BCA protein assay. FF was prepared as follows: 9 μl of RIPA lysis buffer with protease inhibitors was added to 3 μl of follicular fluid. The protein lysates were run on a 12 % SDS-PAGE gel and transferred onto PVDF membrane. The membrane was blocked with 5 % powdered milk in TBS with 0.05 % Tween-20 for 1 h at room temperature and incubated overnight in 4°C with mouse anti-human SHBG monoclonal antibody (1:500 dilution, R&D Systems), followed by incubation with goat anti-mouse HRP-conjugated secondary antibody (1:5000, BioRad Lab., Inc.). The membrane was then washed and incubated with appropriate HRP-conjugated secondary antibodies and developed by the ECL Plus kit (GE Healthcare). The membrane was stripped by incubation with stripping buffer (0.1 M glycine, 1 % SDS, pH 2.5) for 20 min at ∼55°C. The membrane was re-blocked and incubated overnight at 4°C in goat anti-actin polyclonal antibody (1:500 dilution, from Santa Cruz Biotechnology), washed, and incubated for 1 h at room temperature in horseradish peroxidase-conjugated anti-goat secondary antibody (1:10,000 Jackson ImmunoResearch Lab., Inc.).
Dialysis experiments
To test the hypothesis that follicular fluid estrogen-binding proteins are responsible for the slow release of estradiol from the follicle to the serum, we used a dialysis model. A tube made of dialysis membrane (Float-A-Lyzer Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) with a pore size of <3 KD was placed in a container with water. This pore size is large enough to allow free passage of small molecules such as steroids but no significant passage of most proteins. The test solution was placed in the inner chamber and a control solution in the outer chamber. The volume of the inner chamber was 1-5 ml and the outer chamber was 200 ml. The solutions placed in the inner and outer chambers were sampled to test for estradiol concentration at baseline. The device was left in the outer chamber with continuous stirring for 24 h before retesting for estrogen concentration. The concentration of 17β-estradiol was measured using the Vitros ECiQ Immunodiagnostic System (Ortho-Clinical diagnostics, Johnson and Johnson, Rochester, NY 14626-5101). The concentration range of the assay is 23.4-14,000 pmol/l (6.360-3813.6 pg/ml), analytical sensitivity is 23.4 pmol/l, the intraassay variability is 1.3-6.6 %, and inter-assay variability is 4.8-9.3 %.
Biotin avidin column
Follicular fluid samples were stripped using 0.5 % charcoalcoated dextran in TEMG buffer per 1 ml of FF and incubated overnight on a shaker. The solution was then centrifuged for 15 min at 3000g and the supernatant was aspirated into a fresh tube. We then incubated 1.0 ml of FF with 0.017 mg of biotinylated 17-β-estradiol (6-keto-17β-estradiol-6-carboxymethyloxime-NH-propyl-biotin, Steraloids Inc. Newport R.I 02840, USA) for 4 h. The SoftLink Avidin (Promega, USA) column was prepared by pouring 2 ml of Avidin resin solution into a 5-ml chromatography column with a reservoir (Econo-Column, Bio-Rad labs, USA). All the processes were carried out at 4°C. The column was equilibrated with 0.1 M NaHPO 4 (pH 7.0) followed by preadsorption with a 5 mM biotin solution (Sigma-Aldrich). The SoftLink Avidin resin is a rigid methacrylate polymeric gel filtration matrix covalently bound to monomeric avidin. Native or tetrameric avidin binds biotin with a very strong affinity (Kd=10 ) and requires strong denaturing conditions to elute bound materials. Monomeric avidin, on the other hand, binds biotin with a Kd=10 −7 allowing reversible binding of bound biotinylated proteins under mild elution conditions. The purpose of the pre-adsorption phase is to saturate all the tetrameric avidin that may still exist in the resins with biotin before exposing the resins to the biotinylated proteins. This allows for an optimal recovery of these proteins at the purification stage. The following is a sample of papers that used this protocol to recover biotinylated proteins: [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Following the pre-adsorption phase, the column was then washed with 16 ml of 10 % acetic acid and 0.1 M NaHPO 4 until the pH of the flow-through was >6.8. The column was equilibrated with Tris-HCl 50 mM (pH 7.8). The samples of FF with biotinylated estradiol were loaded onto the columns with no flow for 30 min. We collected the flow-through and then washed the column with 10 ml Tris-HCl 50 mM buffer to remove non-specifically bound proteins. The flow-through was collected in fractions of 0.5 ml. We then eluted proteins bound to the estrogen using biotin solution. The protein content of each fraction was quantified using NanoDrop (Thermo-Fisher Scientific, Wilmington, DE, USA). The native follicular fluid, flow-through fractions, and biotin washes were frozen at −80°C until analyzed with mass spectrometry (MS).
Mass spectrometry analysis
Samples were first digested in solution by trypsin, and the digested peptides were loaded onto a 150-μm ID precolumn (Magic C18, Michrom Biosciences) at 4 μl/min and separated over a 75-μm ID analytical column packed into an emitter tip containing the same packing material. The peptides were eluted over 120 min at 300 nl/min using a 0 to 40 % acetonitrile gradient in 0.1 % formic acid using an EASY n-LC nano-chromatography pump (Proxeon Biosystems, Odense, Denmark). The peptides were eluted into a LTQOrbitrap hybrid mass spectrometer (Thermo-Fisher Scientific, Bremen, Germany) operated in a data dependent mode. MS was acquired at 60,000 FWHM resolution in the FTMS and MS/MS was carried out in the linear ion trap. 6 MS/ MS scans were obtained per MS cycle. The raw data files were searched using Sequest (Thermo-Fisher Scientific, San Jose, CA) using a parent ion accuracy of 5 ppm and a fragment accuracy of 0.5 Da. A fixed modification of carbamidomethyl cysteine and variable modification of oxidized methionine were included in the search.
Results
An estradiol solution of a known concentration placed in the dialysis tube had equilibrated with the water in the outer chamber within 24 h. Next, a FF sample of a known estradiol concentration was placed in the inner chamber of the dialysis device. Following 24 h of incubation with continuous stirring, there was no significant change in estradiol concentration of the FF (Table 1) . Similarly, a FF sample placed in the a dialysis tube incubated for 24 h with an albumin solution of increasing concentration in the outer chamber showed no significant change in estradiol concentration. Despite a concentration of albumin in the outer chamber solution as high as 8 g/ dl, double the average concentration of albumin in the follicular fluid, FF estradiol had only changed from 390 to 240 nmol/l [26] . However, pretreatment of the FF with trypsin (trypsin to protein ratio 1:50 at 37°C for 4 h) or heat (to 85°C for 10 min) resulted in equilibration of estradiol concentration between the two chambers within 24 h (Table 1) . In order to determine if SHBG is responsible for binding the estrogen in follicular fluid, we first set to determine if SHBG is expressed by GC. Using a primer design that was published previously by Forges et al. [27] and other primers that we predesigned, we performed RT-PCR as well as realtime PCR of the full-and partial-length messenger RNA (mRNA). We were not able to show any expression of SHBG mRNA in either GC or cultured GC while showing a clear expression of several SHBG transcripts with both primer sets (Fig. 1a, b ) in liver and testis samples. Western blot for SHBG and actin showed a clear signal for SHBG in FF but none in human GC while actin was clearly detected in the GC extract (Fig. 1c) .
Affinity column and mass spectrometry analysis
Analysis of the total protein concentration in the stripped FF, flow-through, buffer wash, and biotin wash fractions showed that the concentration of protein dropped from 3.79 mg/ml in the flow-through to 0.14 mg/ml in the last biotin wash. The FF, flow-through, and biotin washes were then analyzed with MS at the Advanced Protein Technology center in Toronto. The results were analyzed with the scaffold 3.2 software, and a 95 % probability was specified as a threshold for protein detection. With these criteria, we were able to identify a total of 100 proteins. Figure 2a shows the concentration of proteins in the flow-through fraction on the x-axis and the biotin wash on the y-axis. The flow-through contains the proteins that had passed through the avidin column without binding (nonspecific binding) while the biotin wash fraction is enriched with proteins that were bound to the avidin beads and were released when the column was washed with a concentrated biotin solution (specific binding). Albumin, the most common protein in the FF, was also the most abundant in the flowthrough. While heparan sulfate proteoglycan 2 (HSPG2; also known as perlecan) was hardly detectable in the flow-through fraction, it was the most enriched protein in the biotin wash. Figure 2b shows a Venn diagram of the number of proteins found in the stripped FF, flow-through, and biotin wash. There were 11 proteins that were detected in the FF and in the biotin wash but not in the flow-through, suggesting that they bound to the avidin column and were released with the biotin wash. These proteins are shown in the bar graph that details their concentration in the FF and the biotin wash. The largest enrichment between the FF and biotin wash occurred with perlecan that showed a tenfold increase between the two fractions. Both MS data and RT-PCR analysis of GC support a full-length expression of the perlecan gene (data not shown).
Discussion
The FF is a complex solution that constitutes the microenvironment of the developing follicle. It is formed by the GC and contains their secretory products. The main hormone secreted by GC during the follicular phase is estradiol. It is a potent hormone in comparison to other steroids, exerting its action in a concentration several orders of magnitude lower. Disruption of the control of estradiol serum concentration may cause infertility, thrombosis, and even cancer [28] . Only the unbound fraction of estradiol, about 2 %, is bioactive while the rest of the estradiol in serum is bound to proteins, predominantly SHBG and albumin. In the FF, the concentration of estradiol is a thousand times higher than in the serum while the concentrations of its known binding proteins is similar to or lower than the concentrations in the serum. The question this study is trying to answer is what are the forces that keep the estradiol in the FF and maintain such a high concentration?
There could be several potential explanations to the maintenance of the high FF-serum estradiol concentration differences: a higher rate of production and secretion to the FF, an intracellular estrogen-binding protein with a unidirectional secretion of estrogen through the apical membrane, and a different soluble estrogen-binding protein or the action of cellular tight junctions between granulosa cells that prevent estrogen leakage from the follicle.
As mentioned earlier, the rate of release of estradiol from the follicle is very slow; therefore, a rapid rate of production Table 1 The concentration of 17β-estradiol (nmol/l) in the inner chamber of the dialysis apparatus containing either native follicular fluid or trypsin treated before and after a 24-h incubation The estradiol concentration is also shown for the outer water-containing chamber. The results show that the ability of the follicular fluid to maintain an estradiol gradient was lost following treatment with trypsin, suggesting that it is maintained by the action of a binding protein. The average and standard error represent three separate experiments with a significant but slower leakage to the serum could not be the explanation [5] .
In this study, we were able to show that the high concentration of FF estradiol is maintained in a cell-free system in a dialysis membrane system that allows free passage of estradiol but blocks peptides and proteins. We also showed that the gradient is lost after protein denaturation, suggesting that the estradiol gradient is maintained by a binding protein.
SHBG is a homodimeric glycoprotein produced mostly by hepatocytes [29] . It is a highly conserved steroid-binding protein. It binds dihydrotestosterone (DHT) with the highest affinity (K a =1×10 10 M) and testosterone and estradiol with 100-fold lower affinity [30] . The SHBG/ABP gene has been localized to 17p13-12 and has two distinct forms: one that is secreted mainly by the liver into the circulation and the other a non-secreted form, known as the androgen-binding protein (ABP), identified in Sertoli cells of the testis and in the brain and liver. SHBG/ABP is considered as the major binding protein for estradiol in the serum. In contrast to our results, Forges et al. [27] described the presence of full-length SHBG mRNA in luteinized GC. They were also able to show the presence of the SHBG/ABP protein in the cytoplasm of luteinized GC using immunohistochemistry. We, however, were not able to show that the main serum estrogen-binding protein, SHBG, is produced in either form by GC. Our finding was validated by RT-PCR and qPCR using the published primers as well as newly designed primers. It was also validated by Western blot of GC extract. Due to the discrepancy of our finding with the previous publications, we requested the group of Dr. G.L Hammond [31] [32] [33] [34] [35] [36] [37] [38] , a leading expert on SHBG/ABP, to validate our findings. They also were not able to demonstrate any expression of SHBG in granulosa cells. In addition, SHBG production could not be induced in cultured GC by the hormonal treatments that are known to control its production in liver cells or control the function of GC. Therefore, in light of the known low concentration of SHBG in follicular fluid and the lack of an intracellular non-secreted form of SHBG, the contribution of this protein to the estrogen binding in FF is Fig. 2 Mass spectrometry analysis of avidin biotin fractions. a This figure illustrates the concentration of the proteins in the flow-through (the native follicular fluid that passed through the column before any washes were made) on the x-axis and the first biotin wash on the y-axis. Albumin was the most abundant protein in the flow-through fraction that contains the proteins that had passed the avidin column without binding. At the other end the HSPG2 protein that could not be detected in the flowthrough but had the highest concentration in the biotin wash which is enriched with specifically bound proteins. b This Venn diagram represents the distribution of the detected proteins in the different fractions. In yellow is the group of proteins that were detected in the follicular fluid but not in the flow-through and were released from the column with the biotin wash. The bar graph represents the relative concentration of the 11 proteins exhibiting specific binding to the avidin biotin-bound estradiol. HSPG2, also known as perlecan, had the highest enrichment following the biotin wash likely non-significant. Furthermore, if SHBG was the main sex steroid-binding protein in the ovarian follicle, its higher affinity to DHT would sequester more of this potent androgen. Since DHT, unlike testosterone, cannot be aromatized to estradiol, its accumulation in the FF could potentially lead to follicular atresia [39] .
Albumin is the most abundant protein in both the follicular fluid and the serum. It is the universal ligand carrier of the serum with mostly non-specific binding for most of the ligands.
In the serum, 61 % of the estradiol is bound to SHBG, 37 % to albumin, and 2 % is free [40] . The concentration of albumin in the FF is similar to that of the serum.
In our dialysis system experiment, highly concentrated albumin solutions were not capable of creating a significant leak of estradiol from FF. This suggests that the binding protein of estradiol in FF is likely not albumin. Hence, after showing that the FF-serum estradiol concentration difference is kept by the action of a binding protein other than SHBG or albumin, we tried to target the binding protein using an affinity column. We reduced the amount of estradiol in the FF in order to increase the binding capability of any estrogen-binding proteins and then added biotinylated estradiol. After binding to its carrier protein, the complex of estradiol-binding protein was captured by the avidin resins, followed by its release from avidin by a concentrated biotin solution. Analysis of the specifically bound proteins with mass spectrometry identified heparan sulfate proteoglycan 2 (HSPG2) as the protein with the highest enrichment and the most likely FF estrogen-binding protein. HSPG2, also known as perlecan, is an exceptionally large, highly conserved, secreted extracellular matrix proteoglycan with a modular structure that supports its many functions. It is referred to as a depot of essential proteins combined together into a single large storage protein that is placed in the extracellular matrix. This Bcartridge^of proteins allows for immediate protein action by cleaving a certain active component with a specific protease, thereby skipping several time-consuming stages in protein production [41] . HSPGs are defined as proteins containing one or more covalently attached heparan sulfate chains supporting its function as a natural anticoagulant. HSPGs can be divided into three major classes: (1) lipid-anchored, e.g., the glypicans; (2) transmembrane, e.g., syndecans; and (3) extracellular or secreted, a group that includes perlecan [42] . HSPGs had been found in cartilage [43] , bone stroma [44] , uterine decidua [45] , and follicular fluid [46] . Perlecan is particularly abundant in the ovary with a level of expression that is stronger than the kidney-a known rich source of this protein. Labeling of perlecan using 125 I-anti-thrombin in ovarian tissue had shown it to be expressed only in endothelial and granulosa cells. In the follicle, the fate of perlecan was shown to be tightly regulated by gonadotropins; its turnover, synthesis, internalization, and release are all regulated by FSH and LH [47] .
Expression of perlecan was limited to the larger follicles and peaked in the pre-ovulatory follicle, decreasing in concentration in luteinized GC after ovulation [48] . The high expression of perlecan in GC and its closely regulated production and secretion into the FF instigated research looking for a potential physiological role for perlecan in the development of the ovarian follicle.
In order for a follicle to complete its final stages of growth and maturation, several key factors need to exist: (1) the follicle needs to rapidly accumulate FF in its antrum and as a result expand the follicular antrum and grow; (2) the proteinrich and viscous FF must not coagulate so that expulsion of the cumulus oocyte complex (COC) can occur during ovulation; (3) the follicle must remain avascular before ovulation and rapidly grow new blood vessels immediately after luteinization; and (4) the follicle needs to be able to produce and store large amounts of estrogen.
HSPG as a group are actively secreted to the antrum of the follicle and as a result increase the osmotic pressure of the FF and drive its formation. The degradation of these proteins allows for the removal of the FF in atretic follicles. Perlecan was shown to be essential for alteration of the permeability of the basal lamina, a vital stage in FF formation [49] . In addition, perlecan core protein is covalently bound to heparan sulfate (HS) chains. HS binds anti-thrombin III and endows with HSPG anticoagulant properties. The presence of an anticoagulant in the FF allows the maintenance of fluidity of the oocyte's microenvironment despite the influx of procoagulant proteins due to inflammatory vascular permeabilisation prior to ovulation [50] . The sharp drop in HSPG concentration post ovulation allows for the coagulation of the remaining content of follicle and the formation of the matrix of the corpus luteum [51] .
One of the active components created by proteolytic cleavage of the fifth domain of perlecan is endorepellin [52] . This is a powerful angiostatic agent capable of inhibiting several aspects of angiogenesis: endothelial cell migration, collageninduced endothelial tube morphogenesis, and blood vessel growth [53] . The presence of perlecan in the FF and GC is likely the mechanism that keeps the follicle avascular until ovulation. With the expulsion of the FF during ovulation and the drop in perlecan content, a rapid process of angiogenesis ensues into the luteinized follicle to form the corpus luteum.
These findings established a central role for perlecan in follicular development. The data we present in this study may suggest another role for perlecan in the ovarian follicle physiology: serving as the estrogen-binding protein of the FF. This added role will center perlecan as one of the most important proteins in the formation and function of the ovarian follicle and will coincide with its developmental stage-specific expression.
FSH stimulation of GC promotes the liberation of cell bound perlecan and its secretion to the FF mirroring the increase in estradiol secretion [54] . Similarly to the expression of FSH receptor in the developing follicle, the expression of perlecan shows very little or no expression in primordial and pre-antral follicles and peak concentration in the pre-ovulatory follicle [55] .
In the follicle, perlecan is part of the follicular basal lamina, a specialized extracellular matrix that enables the granulosa cells to orient their polarity and control their microenvironment. Irving-Rodgers et al. [56] identified perlecan as part of a developmentally regulated novel extracellular matrix, termed Bfocimatrix.^They showed a gradual increase in the amount of the focimatrix with increased follicular size. Interestingly, the appearance of the focimatrix was shown to closely precede the expression of the enzymes involved with sex steroid synthesis, the main secretory product being estradiol.
In this study, we showed that perlecan was the most enriched protein in the specifically bound fraction of the FF, making it the most likely FF estradiol-binding protein. One of the major functions of GC during the follicular phase is the production of estrogen. Estrogen is important for endothelial proliferation, regulation of FSH secretion, and the selection of the dominant follicle. It is unclear whether estrogen has a local function in the follicle parallel to the essential role of testosterone in Sertoli cells. However, mice null for estrogen receptor α and aromatase form large cystic hemorrhagic follicles instead of the normal follicles [57, 58] . The structure of the perlecan protein also supports its potential role as a highaffinity estrogen-binding protein. The estrogen-binding component in the SHBG protein is attributed to a tandem repeat of two laminin G-like domains. These were shown to form a hydrophobic pocket that binds steroids [30] . Domain V of perlecan contains a tandem repeat of three laminin G-like domains [41] . This might be the potential site of estrogenbinding on the perlecan molecule.
The lack of an alternative mechanism for estradiol sequestration in FF and the multiple characteristics of perlecan control of expression and structure add to the findings presented in this study and suggest that this protein is the most likely candidate for the estradiol-binding protein in the FF. However, more research is needed to characterize the estrogen-binding characteristics of perlecan and its control.
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